Transforming growth factor ␤ (TGF-␤) is a multifunctional cytokine involved in regulating cell growth, motility, differentiation, apoptosis, immune functions, and matrix remodeling (reviewed in references 25 and 26) . The TGF-␤ ligands initiate cellular signaling pathways by activation of a heteromeric complex of transmembrane receptor serine-threonine kinases (27) . TGF-␤ binds to the TGF-␤ type II receptor (T␤RII), which recruits and phosphorylates the type I receptor (T␤RI), known as Alk5. The activated T␤RI kinase then transmits signals to cytosolic target proteins (50) . The role of TGF-␤ in the biology of mammary epithelial cells is complex. The three mammalian TGF-␤ isoforms, TGF-␤1, -2, and -3, are expressed at all stages of murine postnatal mammary gland development except lactation (45) . They are widely accepted as potent inhibitors of mammary epithelial cell proliferation. Transgenic mouse mammary tumor virus mice that overexpress active TGF-␤1 in mammary epithelium (MMTV/TGF-␤) exhibit ductal hypoplasia (42) . Overexpression of active TGF-␤ transgene in the mammary gland results in resistance to TGF-␣-or carcinogeninduced mammary cancers (41) as well as enhanced stem cell senescence (23) . Inhibition of autocrine TGF-␤ by expression of a dominant-negative T␤RII mutant results in accelerated lobuloalveolar mammary development (17) and enhanced propensity for carcinogen-induced mammary cancers (6) . Finally, decreased expression of T␤RII in women with mammary epithelial hyperplasia has been shown to confer an increased risk for the subsequent development of breast cancer (16) .
A dual role of TGF-␤ in tumorigenesis is underscored by observations that advanced human breast cancers show increased expression of TGF-␤. Additionally, most human breast cancer cell lines are resistant to the antiproliferative effects of TGF-␤, and TGF-␤ can promote the progression of breast cancer cells (reviewed in references 12 and 49). The molecular mechanisms by which tumor cells switch TGF-␤ function from tumor suppressor to tumor promoter may be dictated by other oncogenic signals also present in transformed cells. For example, TGF-␤1 and Ras cooperate to induce proliferation and epithelial-to-mesenchymal transition (EMT) and have been shown to enhance survival of cancer and noncancer cells (20, 21, 35, 36, 39) . Ha-Ras-overexpressing mammary tumor cells secrete high levels of TGF-␤ (24) . Inhibition of TGF-␤ signaling using a dominant-negative T␤RII in Ras-transformed cells impairs primary tumor and metastasis formation and prevents EMT (35, 44) . Additionally, metastasis of Ras-induced skin tumors was enhanced by elevated levels of activated Smad2, a direct downstream effector of TGF-␤ signaling (34) . Therefore, in early and late phases of transformation, TGF-␤ secretion by cancer and/or stromal cells enhances Ras-induced transformation.
In this report, we have examined the dominance of the Neu (erbB2) proto-oncogene over TGF-␤ and, second, determined whether Neu synergizes with TGF-␤ to accelerate mammary tumor progression. The Neu proto-oncogene product is a member of the erbB family of transmembrane receptor tyrosine kinases, which also includes the epidermal growth factor receptor (EGFR; erbB1), erbB3, and erbB4. Binding of ligands to EGFR, erbB3, and erbB4 induces the formation of homodimeric and heterodimeric, kinase-active complexes into which Neu is recruited as a preferred partner. Even though Neu is unable to interact directly with receptor ligands, it can amplify signaling pathways induced by this receptor network, which include phospholipase C␥-1 (PLC␥-1), Ras-Raf-MEKmitogen-activated protein kinase (MAPK), phosphatidylinositol-3-kinase (PI3K)-Akt-p70S6 kinase, PAK-JNNK-JNK, SAPKs, and STATs (reviewed in references 37 and 52). In addition, Neu can multimerize and become activated in a ligand-independent fashion when present in cells at high density. Indeed, MMTV-Neu transgenic mice develop stochastic multifocal metastatic mammary cancers with a median latency of approximately 6 months (18).
As indicated above, TGF-␤ can suppress TGF-␣-induced transformation in the mammary gland (41) . Furthermore, TGF-␤ can also suppress EGF-induced mitogenesis in epithelial cells (7) . These results imply that TGF-␤ is dominant over the EGFR. Because of the ability of Neu to signal with increased potency to Ras/MAPK (52), we speculated that overexpression of Neu may prevent TGF-␤-mediated growth inhibition and potentially accelerate Neu-induced tumors. In this report, tumors in MMTV-Neu ϫ MMTV-TGF-␤1 S223/225 bitransgenic mice were shown to proliferate more slowly but exhibited increased cell survival, local invasion, intravasation, and metastases than MMTV-Neu tumors. These data suggest that although Neu did not prevent TGF-␤-mediated inhibition of mitogenesis, it synergized with this cytokine in accelerating mammary tumor progression. (NT) . Mice were genotyped by PCR analysis of genomic DNA as previously described (31) . Only age-matched virgin female mice were analyzed. Mice were monitored weekly by palpation to determine the presence of mammary tumors.
MATERIALS AND METHODS

Studies in MMTV-
Histological analysis. Mammary glands were harvested and immediately fixed in 10% formalin (VWR Scientific). Hematoxylin-stained whole-mount preparations of right no. 4 mammary glands were prepared as described previously (32) . Paraffin-embedded glands were sectioned (5 m), rehydrated, and stained with Mayer's hematoxylin-and-eosin B-phloxine (Sigma, St. Louis, Mo.). Detection of apoptosis by terminal deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling (TUNEL) analysis was performed with the Apoptag detection kit (Serologicals Corp., Norcross, Ga.) according to the manufacturer's instructions. Immunohistochemistry and cytochemistry were performed as previously described (30) with the following antibodies: proliferating cell nuclear antigen (PCNA; Neomarkers, Freemont, Calif.), Akt and S473 P-Akt (Upstate Biotechnology, Lake Placid, N.Y.), vimentin (v9), and p65/RelA (Santa Cruz Biotechnology, Santa Cruz, Calif.), E-cadherin (Transduction Laboratories), and smooth-muscle actin (SMA; Zymed).
In situ analysis of active Rac. Paraffin-embedded tumor sections were rehydrated, treated with 0.01% trypsin for 5 min, and then blocked for 30 min in 10% fetal bovine serum (FBS). Sections were incubated in Pak-1 binding domain (PBD)-glutathione S-transferase (PBD-GST) fusion protein (Upstate Biotechnology) in phosphate-buffered saline-Tween (PBST) or with GST alone as a control for 15 min at room temperature, followed by a GST antibody (Santa Cruz Biotechnology; diluted 1:1,000) and a Cy3-conjugated antirabbit immunoglobulin G (IgG) (Molecular Probes, Eugene, Oreg.).
Western analysis. Mammary glands and tumors were harvested and homogenized as previously described (32) . Total protein (20 g) was separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to nitrocellulose membranes. Western analyses were performed as described previously (32) with the following antibodies: HER2/ErbB2 (NeoMarkers); total MAPK and T202/Y204 P-MAPK (Promega, Madison, Wis.); ErbB3 (C-17), E-cadherin (H-108), vimentin (H-84), integrin ␤1 (M-106), pan-cytokeratin (H-240), ␣-actinin (H-300), Smad4 (B-8), p65/RelA (C-20), and p38Mapk (Santa Cruz Biotechnology); total Akt and S473 P-Akt (Upstate Biotechnology); Smad2/3, phospho-Smad2, and Rac-1 (Transduction Laboratories, Lexington, Ky.); SMA (Zymed, Inc.); and phospho-p38 (Cell Signaling, Beverly, Mass.).
Northern analysis and RNA in situ hybridization. Mammary glands were collected and homogenized in Trizol (Invitrogen Life Technologies, Carlsbad, Calif.). Total cellular RNA was harvested according to the manufacturer's instructions. Northern analyses were performed as described previously (31) with (per milliliter) 10 6 cpm of a [␣-32 P]dCTP random primer-labeled BamHI fragment of simian TGF-␤1 cDNA or rabbit ␤-globin cDNA comprising sequences from the 5Ј-untranslated exon of the MMTV-TGF-␤1 transgene (42) . For RNA in situ hybridization, the rabbit ␤-globin cDNA sequence was subcloned into pBluescript SK(Ϫ) (Stratagene), the plasmids were linearized, and the sense and antisense riboprobes were synthesized from the T3 or T7 transcription sites by using 5 U of T3 or T7 RNA polymerase (Promega). Paraffin sections were probed with sense or antisense digoxigenin-labeled riboprobes. Hybridization of the riboprobe was visualized immunohistochemically with an alkaline phosphatase-conjugated antidigoxigenin antibody (Boehringer-Mannheim).
Intravasation assay. Circulating tumor cells in mice were quantified as described by Wyckoff et al. (51) . One milliliter of blood was collected by heart puncture and centrifuged (3,000 rpm [1,643 ϫ g] in a Beckman GS-6R centrifuge at 4°C for 5 min). The serum/buffy coat layers were plated in 1 ml of Dulbecco's modified Eagle's medium (DMEM)-F12 (50:50)-10% FBS. After 24 h, the plates were washed with PBS to remove erythrocytes and nonadherent cells, and fresh DMEM-F12-10% FBS was replenished. After 7 days, colonies were stained with hematoxylin and counted.
Isolation and culture of PMTCs. Primary tumor cells (PMTCs) were isolated and cultured as follows. Tumors were digested at 37°C for 4 h in 3-mg/ml collagenase A (Sigma) in PBS (pH 7.4). The cell suspension was plated on dishes coated with growth factor-reduced Matrigel (BD Biosciences Pharmingen) in PTC medium-2.5% DMEM-F12 (50:50; Gibco BRL) and 50-ng/ml insulin (Clonetics)-and cultured at 37°C in 5% CO 2 .
Transwell invasion assays. Wild-type primary mammary epithelial cells (PMECs), Neu, or NT PMTCs or 4T1 cells (10 4 each) were labeled with the lipophilic dye Sp-DiOC18 TGF-␤ reporter assays. NMuMG cells (0.5 ϫ 10 6 per well) were transfected with pCAGA-Lux (2 g) as described previously (13) . After 24 h, cells were treated for 24 h with 2-ng/ml TGF-␤1 or with serum-free medium conditioned by Neu PMTCs, NT PMTCs, or WT PMECs, each in the presence or absence of 20 nM Fc:T␤RII. Firefly and Renilla reniformis luciferase activities were determined by using the Promega dual-luciferase assay system, and the data were normalized utilizing the ratio of firefly to R. reniformis luciferase as previously described (13) .
RESULTS
TGF-␤ decreases both proliferation and apoptosis in NT mammary glands. Expression of the Neu proto-oncogene in the mammary epithelium of MMTV-Neu transgenic mice (hereafter referred to as Neu mice) results in ductal hyperplasia, precocious lobuloalveolar development, and tumor formation. Approximately 60% of tumor-bearing MMTV-Neu mice develop lung metastases (18) . To determine the effect of combined expression of Neu and TGF-␤1 transgenes on mammary development, glands from virgin Neu/TGF-␤1 mice (NT mice) were examined at 12 weeks of age. Whole mounts of Neu mammary glands demonstrated the previously described precocious alveolar budding of primary ducts (18) . As reported, glands in MMTV-TGF-␤1 mice displayed delayed ductal outgrowth with normal side branching (42) (Fig. 1A) . Bigenic NT mammary glands displayed a combined phenotype characterized by both delayed ductal outgrowth and enhanced alveolar budding. By 40 weeks, the epithelium of TGF-␤1 and NT mammary glands had permeated the entire fat pad, suggesting that the delayed ductal progression mediated by TGF-␤1 is transient. At 40 weeks, the glands of NT mice were histologically similar to those in Neu mice, containing multiple acinarlike structures (Fig. 1B) . Proliferation and apoptosis were measured by PCNA immunohistochemistry (IHC) and TUNEL analysis, respectively. The percentage of PCNA-positive nuclei in NT samples (1.9% Ϯ 0.77%) was less than what was seen in Neu samples (4.8% Ϯ 1.9%; n ϭ 3; 10 ϫ400 fields per sample). This lower rate of cell proliferation in NT mammary glands was accompanied by a lower level of apoptosis in situ (5.2% Ϯ 1.3% in Neu versus 0.7% Ϯ 0.1% in NT; n ϭ 3) (Fig. 1C) . Western analysis confirmed MMTV-Neu transgene expression in Neu and NT mammary glands. Neu mammary glands exhibited a higher content of erbB3 than wild-type and TGF-␤1 glands. Interestingly, erbB3 content was higher in lysates from NT than Neu mammary glands. Levels of total Akt and MAPK were approximately similar, and there were no obvious differences in the content of active Akt and MAPK among the four genotypes (Fig. 1D) . Northern analysis using a rabbit ␤-globin cDNA (42) confirmed TGF-␤1 transgene expression in mammary glands of NT mice but not in those of Neu mice (Fig. 1E) .
TGF-␤1 is functional in bigenic tumors but does not affect Neu-induced tumor latency. Neu and NT mice were palpated weekly to detect the presence of mammary tumors. Tumor latency was similar in mice of both genotypes (224 versus 225 days; Fig. 2A ). One hundred percent of Neu mice and NT mice developed tumors by 294 days, with approximately equal numbers of tumors per mouse (3.3 Ϯ 1.3 versus 2.4 Ϯ 1.3, respectively; P ϭ 0.4 [Students t test]). Mice were sacrificed 100 days after initial tumor palpation, at which time total primary tumor volume per mouse was determined (Fig. 2B) . Although Neu and NT tumors became apparent after similar latencies, NT mice carried significantly less cumulative tumor volume than Neu mice (2,454 Ϯ 1,304 mm 3 versus 5,431 Ϯ 2,087 mm 3 , respectively; P ϭ Ͻ0.0001). By histological analysis, 7 of 10 NT tumors were poorly differentiated with a high histological grade, prominent nuclear pleomorphism, evidence of local invasion, and, in some cases, a peritumoral stromal reaction. On the other hand, 7 of 10 Neu tumors were of low histological grade with features of papillary or glandular differentiation but more mitotic figures than the NT tumors ( Fig. 2C to H) .
Western analysis using erbB2 and erbB3 antibodies confirmed that Neu and erbB3 contents were not altered in the NT bigenic tumors. Smad4 and Smad2/3 proteins were detected at equal levels in tumors derived from NT or Neu mice, but Smad2 phosphorylation was higher in NT tumors (Fig. 2I) . NT tumor extracts contained higher levels of active Akt, active MAPK, and active p38Mapk than Neu tumors as measured by Western analysis utilizing phosphospecific antibodies. Levels of total Akt, MAPK, and p38 were the same in tumors of both genotypes. E-cadherin contents remained approximately equal in Neu and NT tumor lysates, while expression of vimentin, a marker of fibroblasts or of epithelial cells that have undergone EMT, was enhanced in NT tumors. By IHC, E-cadherin localized to cell-cell junctions in tumors of both genotypes. Tumor cells did not stain with vimentin (Fig. 2J ) or SMA antibodies (not shown). However, NT tumors displayed increased vimentin staining, which was specific to tumor stroma (Fig. 2J) , providing evidence against transmesenchymal differentiation in NT tumor cells.
TGF-␤1 expression increases angiogenesis, intravasation, and metastasis of Neu-induced tumors. Expression of CD31, a marker of endothelial cells, was examined by IHC of tumor sections (Fig. 3A) . The increased abundance of CD31-positive structures in NT tumors compared to that in Neu tumors suggested increased vascularization. PCNA IHC suggested that a threefold-lower percentage of cancer cells were proliferating in NT tumors than in Neu tumors (Fig. 3B) , which may account for the smaller tumor volume observed in NT mice. However, TUNEL analysis suggested that NT tumors underwent a fivefold-lower rate of cell death (Fig. 3C) . The effect of TGF-␤1 overexpression on the metastatic potential of Neu-induced tumor was determined by quantifying the number of lung surface metastases 100 days after initial primary tumor palpation. Whereas 60% of all Neu mice developed lung surface metastases, 100% of NT mice did so (Fig.  4A) . The average number of lung surface metastases in NT mice was 2.8 times the number found in Neu mice. No microscopic lung metastases were identified in Neu mice in which surface metastases were absent. Microscopic lung metastases were present in all NT mice (Fig. 4B) . PCNA IHC suggested that, like the primary tumors, NT lung metastases were less proliferative than their Neu counterparts (Fig. 4C) . Tumor cell intravasation was measured by collecting blood via atrial puncture and culturing the serum and buffy coat layers (30). After 1 week, blood from wild-type mice produced no colonies (data not shown). However, blood from Neu and NT mice grew an average of 0.6 Ϯ 0.3 and 2.8 Ϯ 0.8 colonies per mouse, respectively (n ϭ 10 per group; P ϭ 0.013). RNA in situ hybridization demonstrated that NT but not Neu cells in lung metastases expressed the TGF-␤1 S223/225 transgene (Fig. 4D ), suggesting that they had not occurred as a consequence of silencing the TGF-␤ transgene.
TGF-␤1 increases invasion of Neu-expressing tumor cells. PMTCs were purified from Neu and NT tumors that were harvested from mice 100 days after initial tumor palpation. Cells were embedded in growth factor-reduced Matrigel, a combination of extracellular matrix (ECM) proteins that form a three-dimensional matrix. Growth was monitored over a period of 10 days. Cultures derived from Neu tumors grew into large acinar cystic structures (Fig. 5A ). These structures deposited the laminin-5, suggesting epithelial polarization (data not shown). In the presence of exogenous TGF-␤1, growth of the acini was inhibited, although they developed projections into the surrounding matrix. In contrast, NT tumor-derived cells grew as solid structures with invasive structures into the Matrigel in the absence of added TGF-␤ (Fig. 5A ) and maintained laminin-5 expression (data not shown). When plated with the TGF-␤ inhibitor Fc:T␤RII (described in reference 30), NT-derived PMTCs grew as solid round structures lacking any projections, suggesting that the increased secretion of TGF-␤ accounted for the enhanced invasiveness.
PMTCs from Neu and NT tumors expressed both E-cadherin and keratin 14 ( Fig. 5B) and exhibited epithelial morphology. In addition, they all contained equal levels of fibronectin and (low) vimentin by immunoblot analyses (data not shown), suggesting absence of transmesenchymal differentiation in culture. TGF-␤1 was added to cell cultures after 24 h of serum starvation to determine Smad2 activation. In Neu cells, Smad2 phosphorylation was increased by TGF-␤, and this increase was blocked by Fc:T␤RII. In NT cells, however, Smad2 phosphorylation was constitutive, suggesting that it was being autoactivated by transgenic TGF-␤. Basal levels of phosphorylation of MAPK and Akt were also higher in NT cells than in Neu cells, and both were reduced by Fc:T␤RII (Fig.  5B) . Addition of the MEK1 inhibitor U0126 impaired basal and TGF-␤-induced phosphorylation of MAPK in Neu and NT cells while having no effect on the phosphorylation of p38 (Fig.  5C, left panel) . Addition of p38 or PI3K inhibitors (SB202190 and LY294002, respectively) impaired basal and TGF-␤-induced phosphorylation of p38 or Akt, respectively (Fig. 5C,  right panel) .
In transwell invasion assays, wild-type primary mammary epithelial cells (PMECs) did not migrate in response to 2.5% serum, and this rate of migration was not increased by added TGF-␤1 (Fig. 5D ). In contrast, transwell migration of 4T1 mammary tumor cells through ECM to the opposite sides of filters was increased by TGF-␤1 and reduced by Fc:T␤RII. In response to 2.5% serum, NT cells migrated with a significantly higher frequency than Neu cells (Fig. 5B) . TGF-␤1 stimulated transwell migration of Neu cells to levels comparable to those of NT cells in the absence of added ligand. Addition of Fc: T␤RII interfered with TGF-␤1-induced migration in Neu cells, but NT cell migration was modestly affected. The inability of Fc:T␤RII to affect NT migration may be attributed to the addition of the TGF-␤ inhibitor to the lower chamber of the transwell system, whereas the NT cells are being exposed to endogenously synthesized TGF-␤1 S222/225 in the upper chamber. The p38 inhibitor SB202190 impaired TGF-␤-induced motility of Neu and NT cells, suggesting p38 is required for this effect. LY294002 (Fig. 5D , right panel) and U0126 (data not shown) had no effect on cell motility.
Because of the increased motility of NT-derived PMTCs and the reported ability of TGF-␤ to induce Rac activity (3), we evaluated Rac1 expression and activity. Levels of expression of Rac1 were similar in Neu and NT tumor samples (Fig. 5E ). Paraffin-embedded tumor sections were incubated with a PBD-GST fusion protein containing the PBD for active GTP-bound Rac1 and GST. Tissue-bound PBD-GST was detected by GST IHC. NT tumor sections bound a greater amount of PBD-GST than Neu tumor sections or NT tumor sections incubated with control GST (Fig. 5F ), suggesting that in situ Rac activity was higher in TGF-␤1-overexpressing tumors.
Finally, we verified that active TGF-␤1 was being produced in NT cells by adding serum-free medium conditioned by Neu or NT cells to NMuMG cells transfected with a Smad-depen- 
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MURAOKA ET AL. MOL. CELL. BIOL. dent p(CAGA) 12 -luciferase reporter (10) (Fig. 5G) . Media conditioned by wild-type PMECs or exogenous TGF-␤1 were used as negative and positive controls, respectively. Medium from NT cells elicited significantly greater luciferase activity than medium from Neu cells, suggesting higher levels of active TGF-␤1 in medium conditioned by cells from the bigenic tumors. TGF-␤1 increases survival of Neu-expressing tumor cells. PCNA IHC of Neu and NT cells cultured in 10% serum demonstrated that NT cells proliferated more slowly than their Neu counterparts, similar to what is seen in vivo (18.6% Ϯ 1.6% versus 4.3% Ϯ 1.6%; n ϭ six ϫ400 fields) (Fig. 6A) . NT cells also displayed a 9.8-fold-lower rate of apoptosis than Neu cells when cultured in 0.5% serum for 3 days (Fig. 6B) . Under the same conditions, P-Akt was detected in NT but not in Neu cells. Akt has multiple cytoplasmic targets, including IKK␣ (38, 46) . Activated IKK␣ then phosphorylates a protein known as "inhibitor of B" (IB), leading to the nuclear localization of the transcription factor p65/RelA, a component of the NF-B family (15) . p65/RelA was detected by IHC in both Neu and NT cells (Fig. 6B) . However, nuclear p65/RelA was found only in NT cells (37.8% Ϯ 3.9%; n ϭ six ϫ400 fields), whereas p65/RelA was restricted to the cytoplasm in Neu cells. This suggests that TGF-␤1 overexpression may enhance cell survival in Neu-induced tumors by activating Akt/NF-B signaling.
DISCUSSION
In a transgenic mouse model of breast cancer, we have examined whether Neu is dominant over TGF-␤ and whether Neu and TGF-␤ synergized to accelerate mammary tumor progression. We show herein that overexpression of active TGF-␤1 in Neu-induced mammary tumors resulted in cancers that were both less proliferative and less apoptotic as well as more invasive and metastatic than tumors expressing the Neu transgene alone. This is the first report of an oncogene that in vivo is not only dominant over TGF-␤ but also synergizes with this "tumor suppressor" in the acceleration of tumor progression. In both tumor lysates and primary cultures of NT cells, Smad2 was constitutively phosphorylated, implying that autocrine TGF-␤ was operative in the bigenic tumors and cells. This progression of tumors to a more metastatic phenotype occurred even though TGF-␤1-overexpressing cancer cells proliferated more slowly than their Neu counterparts, and the cumulative macroscopic tumor burden was lower in NT than in Neu mice. These data imply that, even in advanced cancers, TGF-␤1 may be able to exert tumor-suppressing (antiproliferative) and tumor-promoting (invasion, motility, and survival) effects simultaneously. This is perhaps best shown in Fig. 5A in this report: large acini formed by Neu cells treated with TGF-␤ are much smaller than those in controls but exhibit long invasive projections into the surrounding matrix.
In addition to Smads, other signaling pathways have been implicated on TGF-␤ actions. These include MAPK, c-Jun NH 2 -terminal kinase (JNK), p38, PI3K, Akt, and Rho GTPases (reviewed in references 9 and 11). However, TGF-␤ does not induce these pathways in all cells and the cellular or biochemical determinants for such responses to occur are not known. Interestingly, in NT tumors or cells, levels of active MAPK, p38, Akt, and Rac1 were higher than in Neu tumors or cells. Treatment of the NT primary cultures with Fc:T␤RII inhibited MAPK and Akt activity while impairing cellular invasion into the surrounding matrix, suggesting that all of these effects were autoinduced by the TGF-␤1 transgene product. These data suggest that overexpression of Neu cooperates with TGF-␤ or sensitizes cells to the ability of TGF-␤ to activate signaling programs in addition to Smads that lead to enhanced tumor cell invasiveness and survival. Although the enhanced motility and branching of NT cells suggest that TGF-␤ and Neu were inducing EMT, the absence of mislocalization of E-cadherin and overexpression of vimentin, SMA, and fibronectin in tumor cells (Fig. 2J and data not shown) suggested otherwise. Thus, we surmise that the increase in vimentin and SMA content observed in NT tumor lysates (Fig. 2I) probably reflects an increase in tumor-associated fibroblasts in NT versus Neu tumors. Consistent with the effect of TGF-␤ on the production of ECM by surrounding fibroblasts, periductal (Fig.  1B) and peritumoral stromal reactions were commonly observed in NT glands and tumors, respectively.
There is substantial evidence that TGF-␤ can promote tumor cell survival. Blockade of TGF-␤ signaling with Fc:T␤RII increases apoptosis in mammary tumors in MMTV/polyomavirus middle T antigen transgenic mice (30) . Conversely, TGF-␤ can protect epithelial cells from stress-induced apoptosis (47) . Melanoma cells engineered to overexpress TGF-␤1 exhibit increased survival following injection into immunocompromised mice (4) . In human breast cancer pathogenesis, the role and molecular regulation of apoptosis remains unclear. In ductal carcinoma in situ, a high apoptotic index is often associated with high mitotic rates, similar to what we observed in MMTV-Neu mice (14, 28) (Fig. 2) . However, simultaneous overexpression of factors promoting proliferation and inhibiting apoptosis results in luminal filling of mammary acini ex vivo, while expression of either one by itself does not result in luminal filling (8) . It is possible, therefore, that factors promoting tumor cell survival (such as TGF-␤) can cooperate with proliferative signals, such as Neu, that are primarily involved in acinar expansion (33) to produce a more aggressive tumor phenotype. We have shown that TGF-␤1-overexpressing tumor cells displayed enhanced survival and higher levels of active Akt (Fig. 2) . In fact, the increased rate of cell survival by TGF-␤ overexpression was seen in proliferating mammary epithelial cells even prior to cancer formation (Fig. 1C) , suggesting that TGF-␤ can enhance survival in cells before they acquire a tumorigenic phenotype. Consistent with this observation, tumor formation was not delayed in NT mice compared to Neu mice, even though proliferation occurred at a greatly reduced rate, presumably due to decreased cell death in mammary hyperplasias overexpressing TGF-␤1.
Metastatic tumor progression is often associated with increased angiogenesis, and there was clear evidence of such in the NT compared to the Neu tumors (Fig. 3A) . TGF-␤s, particularly TGF-␤1, regulates vessel formation by inducing VEGF secretion, facilitating FGF-mediated capillary sprouting, inhibiting endothelial cell migration, inducing smooth muscle cell differentiation, recruiting pericytes, increasing ECM production, and thus stabilizing new vessels (reviewed in reference 40). The cellular mechanisms by which active TGF-␤1 S223/225 alone or in synergy with Neu leads to this more angiogenic phenotype are beyond the scope of this report but could well be more critical to the observed metastatic phenotype than the tumor cell-autonomous mechanisms discussed here. In addition to contributing to the stabilization phase of tumor angiogenesis, TGF-␤ can induce motility and invasion of transformed cells. In line with this notion, NT cells were more motile, and NT tumors were more invasive than those overexpressing Neu alone. The increased invasion and motility may have been due, at least in part, to activation of Rac1, a member of the Rho family of small GTPases. Rho proteins regulate the actin cytoskeleton and complex formation at sites of focal adhesion in many cell types (19) . Indeed, activation of the Neu receptor tyrosine kinase reorganizes the actin cytoskeleton and activates direct targets of Rac1 (1), which in turn regulate the morphogenic and migratory properties of cells (43) . In response to growth factors, Rac activity induces membrane ruffling (22) , which is required for cell migration. TGF-␤ can activate Rac1 (3), which can then activate p38 (3, 48, 53) , a serine-threonine kinase also shown to be involved in TGF-␤-mediated EMT and cell motility (5) . Furthermore, GTPases such as Rac have been shown to contribute to TGF-␤-mediated cellular and transcriptional responses (2, 29) . Of note, active p38 and Rac1 were constitutively higher in NT cells and tumors, respectively, and the motility of NT PMTCs was ab- In situ analysis of Rac1 activity using a PBD-GST fusion protein or with GST, followed by GST IHC as described in Materials and Methods. DAPI-counterstained nuclei are shown below each corresponding panel. (G) NMuMG cells transfected with pCAGALux were treated for 24 h with 2-ng/ml TGF-␤1 or with medium conditioned by Neu PMTCs, NT PMTCs, or WT PMECs, each in the presence or absence of 20 nM Fc:T␤RII, and luciferase activity was measured as described in Materials and Methods. The ratio of firefly to R. reniformis luciferase activities in untreated NMuMG cells was given a value of 1. Bars represent the mean (Ϯ standard deviation) luciferase activities of three experiments each using duplicate wells for each condition compared to untreated NMuMG cells. *, P Ͻ 0.001 (Student's t test). (Fig. 5) . Therefore, based on these data, we speculate that Neu and TGF-␤ signaling converge at Rac1-p38, providing an adequate threshold of sustained activation that leads to an enhanced migratory phenotype. This heightened invasion and motility of NT cells correlated with an increase in the number of circulating tumor cells and lung metastases in NT versus Neu mice (Fig. 3) . Although the more invasive NT tumor cells produced more lung metastases overall, the NT cells at metastatic sites proliferated more slowly than metastatic cells from Neu tumors. This observation reinforces the notion that some tumors in advanced metastatic states may not be completely refractile to TGF-␤-mediated antiproliferative action. The results presented herein further underscore the dual role of TGF-␤ as both tumor suppressor and tumor promoter. Although both effects exist simultaneously in this bitransgenic model, the autocrine effects of TGF-␤ on tumor cell survival, invasion, and metastases as a function of Neu overexpression predominate over its antiproliferative action. Taken together, these data suggest that Neu does not abrogate the antimitogenic effect of TGF-␤. However, it synergizes with TGF-␤ in the induction of signaling programs that are dominant over TGF-␤-induced inhibition of proliferation, thus accelerating metastatic tumor dissemination. If operative in human breast cancers, such cooperation would provide a basis for the combined use of HER2 (erbB2) and TGF-␤ inhibitors in patients bearing metastatic tumors with HER2 overexpression and evidence of TGF-␤ hyperactivity. 
ADDENDUM IN PROOF
Recently, P. M. Siegel et al. reported the cross-breeding of mice expressing activated forms of the Neu receptor tyrosine kinase and activated TGF-␤ type I receptor in the mammary gland. These mice exhibited increased tumor latency and enhanced frequency of lung metastases compared to mice expressing the activated Neu transgene alone (Proc. Natl. Acad. Sci. USA 100:8430-8435, 2003).
